Pulmonary arterial hypertension (PAH) is a progressive disease characterized by severe remodeling of the pulmonary artery resulting in increased pulmonary artery pressure and right ventricular hypertrophy and, ultimately, failure. Bone marrow-derived progenitor cells play a critical role in vascular homeostasis and have been shown to be involved in the pathogenesis of PAH. A proliferation of c-Kit þ hematopoietic progenitors and mast cells has been noted in the remodeled vessels in PAH. Imatinib, a tyrosine kinase inhibitor that targets c-Kit, has been shown to be beneficial for patients with PAH. Here we hypothesize that the clinical benefit of imatinib in PAH could be related to c-Kit inhibition of progenitor cell mobilization and maturation into mast cells. As a corollary to the phase 3 study using imatinib in PAH, blood samples were collected from 12 patients prior to starting study drug (baseline) and while on treatment at weeks 4 and 24. Eight were randomized to imatinib and 4 to placebo. Circulating c-Kit þ and CD34 þ CD133 þ hematopoietic progenitors as well as biomarkers of mast cell numbers and activation were measured. Circulating CD34 þ CD133 þ and c-Kit þ progenitor cells as well as c-Kit þ /CD34 þ CD133 þ decreased with imatinib therapy (all P < 0.05). In addition, total tryptase, a marker of mast cell load, dropped with imatinib therapy (P ¼ 0.02) and was related to pulmonary vascular resistance (R ¼ 0.7, P ¼ 0.02). The findings support c-Kit inhibition as a potential mechanism of action of imatinib in PAH and suggest that tryptase is a potential biomarker of response to therapy.
INTRODUCTION
Pulmonary arterial hypertension (PAH) is a progressive disease characterized by vasoconstriction, remodeling, and obliteration of the pulmonary vascular bed, leading to elevated pulmonary arterial pressure, right heart failure, and death. With available therapies, survival rates remain low, urging the need to develop more targeted therapies. c-Kit is a transmembrane tyrosine kinase marker of bone marrow-derived hematopoietic stem cells and mast cells. 1 Several studies have shown mobilization and accumulation of c-Kit þ cells in the pulmonary vasculature of patients with pulmonary hypertension as well as in murine models of pulmonary hypertension, suggesting that these cells contribute to the pathogenesis of pulmonary hypertension. 2, 3 Both myeloid hematopoietic progenitors and mast cells contribute to the c-Kit þ proangiogenic cells in the pulmonary vasculature in PAH. 2 c-Kit-targeted therapy in murine models of chronic hypoxia has been shown to prevent pulmonary hypertension. 3, 4 In addition, use of the mast cell stabilizer cromolyn or antagonists of the chemokine receptors involved in recruitment of mast cell progenitors reduced the development of vascular remodeling and right ventricular hypertrophy in hypoxia-induced rodent pulmonary hypertension. 5 In a small pilot study, tryptase, a marker of mast cell load, was found to be increased in PAH patients, and the levels dropped after treatment with mast cell blockade therapy. 6 Mast cells are tissue resident cells and are not found circulating in peripheral blood. The increased number of mast cells is related to increased mobilization and recruitment of mast cell progenitors identified by c-Kit, CD133, and CD34 markers and their maturation into mast cells. [7] [8] [9] As newer therapies targeting remodeling and proliferation are being investigated in PAH, inhibition of c-Kit þ progenitor and mast cells that may be contributing to the vasculogenesis in PAH seems promising. Imatinib is a broad-spectrum tyrosine kinase inhibitor that is used for the treatment of chronic myeloid leukemia and myeloproliferative/myelodysplastic disorders. It has inhibitory effects on both c-Kit and platelet-derived growth factor (PDGF) signaling, which play a role in the pathogenesis of PAH. Imatinib has been shown in several case reports to be beneficial for the treatment of PAH. 10, 11 In a phase 2 study, imatinib therapy was well tolerated by PAH patients and led to a significant reduction in pulmonary vascular resistance (PVR) in association with an increase in cardiac output (CO). 12 A phase 3 study showed clinical benefits in patients treated with imatinib as add-on therapy for 24 weeks compared with placebo, mainly improved 6-minute walk distance, reduced PVR, and reduced pulmonary pressures with increased CO; however, serious adverse events were common. 13 In parallel to the phase 3 trial, 7 centers in the United States participated in an ancillary study to assess whether imatinib provides clinical benefit to PAH patients through c-Kit þ blockade by inhibiting multipotent progenitor mobilization and differentiation, in particular into resident mast cells.
METHODS
Samples were collected prior to starting the study drug (baseline) and during treatment at weeks 4 and 24. Blood samples were collected from 12 subjects. Circulating c-Kit þ and CD34 þ CD133 þ hematopoietic progenitors were measured as previously described. 14 Biomarkers of mast cell numbers and activation (total tryptase and both αand β-tryptases as well as prostaglandins and leukotrienes [PGDM and LTE4]) were measured as previously described. 6 In addition, since imatinib inhibits PDGF receptor (PDGFR) phosphorylation, the PDGF pathway was also investigated through measurement of PDGFR phosphorylation (Phospho-PDGFR Beta Cell-Based ELISA Kit; R&D Systems, Minneapolis, MN) as another beneficial mechanism of action for imatinib. Comparisons of patients receiving imatinib to those receiving placebo with respect to quantitative baseline characteristics were performed with two-sample t tests. Assessments of changes from baseline to either 4 or 24 weeks were performed with paired t tests within treatment groups. Pearson correlations were used to assess relationships between pairs of quantitative parameters. Analyses were performed using R (ver. 2.11.1; www .r-project.org).
RESULTS AND DISCUSSION
Of the 12 subjects enrolled in the ancillary study, 8 were randomized to imatinib and 4 to placebo. Three subjects in the imatinib group and 2 in the placebo group withdrew from the study before week 24. There were no significant differences in baseline characteristics (Table S1 ; Tables S1-S3 are available online). As expected with imatinib treatment, there were significant changes in the hematological parameters from baseline to week 24 (Table 1 ). There was a significant drop in red blood cell (RBC) count (P ¼ 0.007), hematocrit (P ¼ 0.02), and white blood cell count (P ¼ 0.02), with an increase in mean corpuscular hemoglobin (P ¼ 0.009). In parallel, circulating CD34 þ CD133 þ and c-Kit þ progenitor cells as well as c-Kit þ /CD34 þ CD133 þ decreased with imatinib therapy (P < 0.05; Table 1 ). Total tryptase, an indicator of mast cell load, dropped significantly with imatinib therapy (P ¼ 0.02; Fig. 1 ), whereas LTE4 and PGDM did not vary significantly. These changes were noted as early as at week 4 of treatment with imatinib (Table S2 ). At baseline, RBC count, hematocrit, and hemoglobin were inversely related to CD34 þ CD133 þ and c-Kit þ progenitor cells (Table S3 ). There was no correlation between changes in RBC parameters and changes in progenitor cells with therapy.
To assess whether imatinib acts through its inhibition of PDGF signaling, PDGFR phosphorylation of mononuclear cells was measured using the Phospho-PDGFR Beta Cell-Based ELISA Kit (R&D Systems). There was a trend toward an increase in PDGFR-α in the imatinib group (P ¼ 0.06) but no change in PDGFR-β and phosphorylated PDGFR (P ¼ 0.7).
The main clinical parameter that changed significantly in our small subgroup was PVR, with a significant drop noted in the imatinib group (change in PVR: −329 dyn s/cm 5 ; P ¼ 0.02; Fig. 1 ). At baseline, PVR was inversely related to hematocrit (R ¼ −0.7, P ¼ 0.03) and hemoglobin (R ¼ −0.8, P ¼ 0.005) and positively related to total tryptase (R ¼ 0.7, P ¼ 0.02; Fig. 1 ). However, changes in PVR with imatinib treatment did not correlate with RBC markers or any of the measured biomarkers.
In this small ancillary study, we have shown that treatment with imatinib in PAH led to a reduction in circulating proangiogenic and mast cell progenitors in association with clinical improvement. Total tryptase, a marker of mast cell load, decreased with imatinib treatment and correlated with disease severity. Our findings support c-Kit inhibition as a potential mechanism of action of imatinib in PAH and suggest that tryptase is a potential biomarker of response to therapy. The small sample size is a major limitation of the study and limits data interpretation. Nevertheless, the findings provide rationale that therapies targeting the c-Kit pathway should be further investigated in PAH.
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